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The objective of this study was to determine the effects of farmmanagement and environmental factors on preharvest spinach
contamination with generic Escherichia coli as an indicator of fecal contamination. A repeated cross-sectional study was con-
ducted by visiting spinach farms up to four times per growing season over a period of 2 years (2010 to 2011). Spinach samples
(n 955) were collected from 12 spinach farms in Colorado and Texas as representative states of theWestern and Southwestern
United States, respectively. During each farm visit, farmers were surveyed about farm-related management and environmental
factors using a questionnaire. Associations between the prevalence of generic E. coli in spinach and farm-related factors were
assessed by using a multivariable logistic regressionmodel including random effects for farm and farm visit. Overall, 6.6% of
spinach samples were positive for generic E. coli. Significant risk factors for spinach contamination with generic E. coli were the
proximity (within 10 miles) of a poultry farm, the use of pond water for irrigation, a>66-day period since the planting of spin-
ach, farming on fields previously used for grazing, the production of hay before spinach planting, and the farm location in the
Southwestern United States. Contamination with generic E. coliwas significantly reduced with an irrigation lapse time of>5
days as well as by several factors related to field workers, including the use of portable toilets, training to use portable toilets, and
the use of hand-washing stations. To our knowledge, this is the first report of an association between field workers’ personal hy-
giene and produce contamination with generic E. coli at the preharvest level. Collectively, our findings support that practice of
good personal hygiene and other good farmmanagement practices may reduce produce contamination with generic E. coli at the
preharvest level.
Produce consumption, production, and safety are undergoingrapid changes. Global consumption of fruits and vegetables
demonstrated an average annual increase of 4.5% from 1990 to
2004 (1). During the same period, the numbers of food-borne
outbreaks and cases linked to produce have also increased (2).
Increases in produce-related food-borne disease may have re-
sulted not only from the increase in consumption of produce but
also from changes in farm management and processing practices
(3). Among outbreaks where a pathogen was identified, Salmo-
nella (29%) and Escherichia coli O157:H7 (13%) were the main
pathogens causing food-borne outbreaks in the United States (4).
Both of these pathogens are shed through the feces of infected
animals and human hosts (including asymptomatic carriers) (5).
Listeria monocytogenes is another important food-borne pathogen
of significant human health concern (6). It is shed through the
feces of infected animals and human hosts, but it can also sustain
itself in the environment as a saprophytic microorganism that
thrives on decaying plant material (7). Microbial contamination
of produce may occur at any point in the farm-to-fork food pro-
duction chain (8). However, during the postharvest stage, it may
be difficult to eliminate or counteract contamination that oc-
curred before harvest (9). Produce is often consumed raw or after
minimal processing, and therefore, pathogen contamination of
produce is considered a serious human health risk. Identifying
and controlling risk factors for produce contamination at the pre-
harvest level are important steps for reducing this health risk.
The presence of E. coli in foods indicates fecal contamination
and possibly the presence of pathogens carried in the intestinal
tract of animals (10). This bacterium, which is commonly isolated
from the intestines of warm-blooded vertebrates, is shed into the
environment through feces. E. coli contamination of produce
fields occurs from various sources, such as contaminated soil, fer-
tilizer (manure/compost), wildlife, and irrigation water (11). A
previous study (12) showed the usefulness of E. coli as an indicator
organism for evaluating contamination with Salmonella enterica
serovar Typhimurium originating from manure. Thus, to reduce
the incidence of food-borne illnesses attributed to produce, it is of
interest to study farm-related risk factors for E. coli produce con-
tamination.
Previous research (13) has provided a comprehensive system-
atic review of the current knowledge about the effects of farm
management practices, such as planting procedures, manure use,
and irrigation application, on the contamination of fruits and veg-
etables with E. coli O157:H7, Salmonella, and L. monocytogenes.
For example, irrigation methods such as furrow and surface irri-
gation resulted in less produce contamination than spray irriga-
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tion. Additionally, the risk of E. coli contamination increased with
the use ofmanure aged6months or 12months as well as the use
of cattlemanure instead of another type ofmanure-based fertilizer
(14, 15). The use of animal waste as fertilizer increased the risk of
E. coli contamination of produce in organic and semiorganic
farms (14); however, studies of the association between organic
farming and E. coli contamination have yielded inconsistent re-
sults (15, 16). There is a need to reevaluate these and other types of
inconsistencies and to assess the currently known risk factors
alongside factors that have not yet been evaluated (e.g., landscape
factors and workers’ hygiene) in order to determine how they
independently and jointly affect produce contamination. Most
reported observational studies interested in the role of farmman-
agement factors in produce contamination with E. coli were con-
ducted only in the Midwestern United States (e.g., Minnesota
[14–16] andWisconsin [14, 16, 17]), although additional states in
the Western and Southwestern United States are important vege-
table production areas with region-specific management and
landscape factors (18). The objective of this study was to describe
the distribution of generic E. coli contamination in spinach grown
in Colorado and Texas as representative states of theWestern and
Southwestern United States and to determine the effects of farm
management and environmental factors on the contamination of
spinach with generic E. coli at the preharvest level.
MATERIALS AND METHODS
Study design and area.A repeated cross-sectional study over a period of 2
years (2010 to 2011) was conducted. We recruited 12 spinach farms: 4 in
the Western (Colorado) and 8 in the Southwestern (Texas) United States
(Fig. 1). A total of 955 spinach samples were collected over the duration of
the study. Each farm was visited one to four times per growing season or
up to seven times over the 2-year study period, depending on the avail-
ability of spinach fields throughout the growing seasons. At each farm
visit, we chose one to six fields per farm and collected five spinach samples
per field (Table 1). The number of fields sampled per farm depended on
the number of available fields with spinach crop at the time of the visit.
The spinach-growing season lasts from May to September in Colorado
and fromNovember toMarch in Texas. During the 2010 growing season,
the monthly averages of mean daily temperatures around the enrolled
farms ranged from 11°C to 21°C in Colorado (19) and from 13°C to 22°C
in Texas (20). Likewise, the mean monthly precipitations ranged from 10
to 35mm in Colorado and from 3 to 27mm in Texas. During the growing
season of 2011, the monthly averages of mean daily temperatures ranged
from 10°C to 22°C in Colorado (21) and from 14°C to 21°C in Texas
(22–25), while the mean monthly rainfalls ranged from 13 to 62 mm in
Colorado and from 18 to 90 mm in Texas. In Colorado, most of the
sampled spinachwas grownon loam soil (70%), followedby clay loam soil
(29%). In Texas, on the other hand, there was a greater diversity of soil
types, with most of the sampled spinach being grown on silty clay loam
soil (63%), followed by clay loam (14%), fine sandy loam soil (7%), and
several other soil types (26). The meteorological and landscape factors,
including temperature, precipitation, and soil types, are being investi-
gated in more detail in a separate study.
Sample collection. Spinach samples were collected using sterile
gloves. Each spinach sample consisted of at least 10 randomly selected
individual plant leaves of different maturities, collected in an area within
a 5-mile radius. Only random leaves were collected, without harvesting of
the whole plants. Samples were placed into sterileWhirl-Pak bags (Nasco,
Fort Atkinson,WI). All samples were shipped in coolers with ice packs. In
year 1, the samples were shipped to the Food Safety Laboratory of the
Department of Animal Sciences at Colorado State University (Fort Col-
lins, CO). In year 2, samples were shipped to the Department of Animal
FIG 1 Map of sampling locations in Colorado and Texas.
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and Food Sciences at Texas Tech University (Lubbock, TX). The research
protocol and laboratory personnel for microbial detection were identical
between the two laboratories. All samples were processedwithin 48 h after
collection.
Microbiological analyses. Each sample was prepared by using 25 g of
spinach leaves. The spinach samples were transferred into 75 ml of phos-
phate-buffered saline (PBS) contained in stomacher bags. The contents of
each bag were then mixed by using a laboratory blender (Smasher Lab
Blender; AES-Chemunex, France) for 2min at room temperature. A 1-ml
aliquot from the sample bag followed by 1 ml of each of five 1:10 serial
dilutions was then plated directly onto Petrifilm E. coli coliform count
plates (3 M Microbiology, St. Paul, MN) and then incubated at 37°C 
2°C. Petrifilm plates were counted, and blue colonies with gas bubbles,
whichwere observed at 48 h, were considered to beE. coli colonies accord-
ing to standard E. coli Petrifilm enumerationmethods. The limit of detec-
tion was 4 CFU/ml of the plated dilution.
Questionnaire. At each farm visit, we administered a comprehensive
questionnaire to obtain information on the general farm-relatedmanage-
ment and environmental factors selected. The farmowner ormanagerwas
asked the questions in a face-to-face interview during each farm visit. The
farmers referred to their management records to answer questions that
required more detail, such as the date of manure application. The ques-
tionnaire can be found in Fig. S1 in the supplemental material. The ques-
tionnaire has two parts: parts A and B. Part A inquires about general farm
information (such as farm size) that is not expected to change during the
growing season. These questions were asked only at the beginning of
each growing season. Part B asks about factors thatmay change during the
growing season (e.g., history of farm intrusion by wild animals between
two subsequent visits). These questions were asked at each farm visit. The
questionnaire responses were coded and entered into an Excel spread-
sheet. This spreadsheet was then used to create variables to be considered
in the statistical analysis.
Statistical analyses.Data analyseswere conducted by usingR software
(R Project for Statistical Computing [http://www.r-project.org/]). Except
when stated otherwise, P values of 0.05 were considered statistically
significant. The outcome of interest was spinach contamination with ge-
neric E. coli, evaluated as a binary variable: if any generic E. coli was de-
tected in a spinach sample, the sample was considered contaminated;
otherwise, it was considered noncontaminated (meaning that generic E.
coli bacteria were either present below the limit of detection or absent all
together). Table 2 lists and describes the 76 explanatory variables consid-
ered in the statistical analyses. The causal diagram in Fig. 2 shows the
hypothesized associations among these variables and the outcome of in-
terest. In the univariate and multivariable analyses, the associations be-
tween the explanatory variables (farm management and environmental)
and the outcome variable (generic E. coli contamination) were evaluated
by using a mixed-effect logistic regressionmodel with farm and farm visit
as random effects. Regarding the random effects, there were 12 farms (F1
to F12), each with a total of 1 to 7 visits (V1 to V7) over the course of the
study. Themixed-effectmodelswere fitted by using the “lmer” function of
the R package, called “lme4” (27). At the univariate analysis level only, the
significance of associations was assessed at a liberal cutoff of a P value of
0.2 to ensure that all potentially important factors and confounders
reached the multivariable analysis. The validity of the linearity assump-
tion of the developedmixed-effect logistic regressionmodels was assessed
by graphical plotting, lowess smoothing, between the continuous explan-
atory variables and log odds of the outcome variable (28). Natural log and
quadratic transformations of continuous explanatory variables were also
considered. However, because the linearity assumption was not con-
firmed for any of the continuous explanatory variables (including for their
transformations), all continuous variables weremedian dichotomized be-
fore they could be assessed in the univariate and multivariable mixed-
effect logistic regressionmodels that also controlled for clustering of sam-
ples within farms and farm visits. A manual forward stepwise selection
procedure was used to select an appropriate multivariable model (P 
0.05 based on the Wald Z test). Only those independent variables whose
addition significantly reduced residual deviance were included in the ex-
panded model. Significant differences in model deviance between two
TABLE 1 Description of spinach sample collection
State Farm
Growing
season Sampling mo and yra
No. of
visits
No. of fields
sampled per visit
No. of collected
samples
No. of samples
that tested positive
Colorado 1 1 July/August/September 2010 3 3–4 55 0
2 May/July/August 2011 3 4 60 0
2 1 June/July/August 2010 3 4 60 4
2 May/June/July 2011 3 4 60 20
3 1 June/July/August 2010 3 4 60 2
2 May/June/July 2011 3 4 60 0
4 1 June/August/September 2010 3 4 60 1
2 June/July/August 2011 3 4 60 0
Texas 1 1 November 2010, January/February 2011 3 4 60 5
2 November/December 2011, January 2012 3 4 60 6
2 1 November 2010, January/February 2011 3 4 60 2
2 November/December 2011, January 2012 3 4 60 2
3 1 December 2010, January 2011 2 1 10 1
2 NS
4 1 December 2010, January/February/March 2011 4 1–4 45 3
2 December 2011, January/February 2012 3 2–6 50 4
5 1 December 2010, January/February 2011 3 1–2 25 7
2 NS
6 1 January/February/March 2011 3 2 30 0
2 December 2011, January/February 2012 3 2 30 1
7 1 December 2010, January 2011 2 1 10 1
2 NS
8 1 NS 2 4 40 4
2 December 2011, January 2012
a NS, samples not collected.
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TABLE 2 Description of explanatory variables
Category and variable Description and levela Unit
Farm management factors
Human
workers Farm uses temporary workers (yes/no)
workers_# No. of temporary workers used on the farm (con) No.
workers_time Time since the last workers’ visit during CGS (con) Days
foodsafety_training Food safety training provided to the staff/temporary workers on the farm (yes/no)
toilets Portable toilets used in the field (yes/no)
toilet_training Training to use portable toilets to staff/temporary workers (yes/no)
toilet_distances Portable toilet distances from the work area on the field (con) Meters
washing_stations Hand-washing stations used in the field (yes/no)
Farm and field conditions
farm_size Farm size (con) Acres
organic Organic farming practices currently applied on the farm (yes/no)
organic_duration Duration of application of organic farming practices on the farm (con) Yr
organic_certified Organic farming certified by the National Organic Program (yes/no)
field_grazed Farming on field previously used for grazing (yes/no)
before_fallow Field condition before planting of the spinach during CGS, fallow (yes/no)
before_rotavated Field condition before planting of the spinach during CGS, rotavated (yes/no)
before_tilled Field condition before planting of the spinach during CGS, tilled (yes/no)
before_cover_crop Field condition before planting of the spinach during CGS, cover crop (yes/no)
before_hay Field condition before planting of the spinach during CGS, hay (yes/no)
before_riped Field condition before planting of the spinach during CGS, riped (yes/no)
tillage Tilling, rotavating, or aerating soil for CGS (yes/no)
tillage_time Time since the last tilling, rotavating, or aerating of soil for CGS (con) Days
Pesticide
pesticide_application Pesticide application (yes/no)
pesticide_time Time since the last pesticide application during CGS (con) Days
pesticide_herbicide Type of pesticide applied to the field for CGS, herbicide (yes/no)
pesticide_fungicide Type of pesticide applied to the field for CGS, fungicide (yes/no)
pesticide_insecticide Type of pesticide applied to the field for CGS, insecticide (yes/no)
pesticide_method_low Method for applying pesticide for CGS, low-vol spray (yes/no)
pesticide_method_high Method for applying pesticide for CGS, high-vol spray (yes/no)
pesticide_method_foliar Method for applying pesticide for CGS, foliar (yes/no)
pesticide_method_soil Method for applying pesticide for CGS, soil (yes/no)
Chemical fertilizer
chemical_application Chemical fertilizer spread onto the field for CGS (yes/no)
chemical_time Time since the last chemical fertilizer spreading during CGS (con) Days
chemical_method_fertigation Method for spreading chemical fertilizer onto the field for CGS, fertigation (yes/no)
chemical_method_spray Method for spreading chemical fertilizer onto the field for CGS, foliar spray (yes/no)
chemical_method_ground Method for spreading chemical fertilizer onto the field for CGS, ground application (yes/no)
Manure fertilizer
manure_application Manure spread onto the field for CGS (yes/no)
manure_time Time since the last manure spreading during CGS (con) Days
manure_age Age of manure spread onto the field for CGS (con) Wk
manure_source Source of manure spread onto the field for CGS (dairy farm/poultry farm)
Compost fertilizer
compost_application Compost spread onto the field for CGS (yes/no)
compost_time Time since the last compost spreading during CGS (con) Days
Irrigation
irrigation_time Time since the last irrigation during CGS (con) Days
irrigation_source_pond Source of irrigation water applied during CGS, pond (yes/no)
irrigation_source_well Source of irrigation water applied during CGS, well (yes/no)
irrigation_source_municipal Source of irrigation water applied during CGS, municipal (yes/no)
irrigation_source_river Source of irrigation water applied during CGS, river/stream/creek (yes/no)
irrigation_source_reservoirs Source of irrigation water applied during CGS, reservoirs (yes/no)
irrigation_method_drip Method of irrigation for CGS, drip (yes/no)
irrigation_method_overhead Method of irrigation for CGS, overhead (yes/no)
irrigation_method_spray Method of irrigation for CGS, spray (yes/no)
irrigation_method_flood Method of irrigation for CGS, flood (yes/no)
(Continued on following page)
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nestedmodelswere evaluated based on the likelihood ratio test (P 0.05).
A plot of observed proportions versus mean predicted probabilities was
used to determine the goodness of fit by the “plot.logistic.fit.fnc” function
of the R package, called “languageR” (29). The proportion of variation
explained by clustering levels (farm and farm visit) was calculated for the
final model by using a latent variable approach (28).
To evaluate the predictive performance of the final multivariable
model, we calculated the model sensitivity (Se) and specificity (Sp), with
the standard errors (SE) for each of these estimates, along with the model
positive predictive value (PPV) and negative predictive value (NPV),
based on the explanatory variables appearing in the model. The logistic
regression prediction results were recorded on a continuous scale (span-
ning from 0 to 1) and were dichotomized for comparison with the binary
(yes/no) contamination data. To find the optimal cutoff value, the model
misclassification costs were estimated over the entire range of possible
cutoffs while penalizing false-negative more than false-positive classifica-
tions in order to improve the Se of themodel. This was achieved by setting
the false-positive cost to 1 and testing themodel’s predictive performance
when the false-negative cost was set to an integer value in the interval [1,
25]. Penalizing false negatives more than false positives also compensated
for the fact that microbial culture-based tests, such as the one used here to
detect spinach contamination, are expected to have better Sp than Se.
Consequently, positive microbial test results can be considered true pos-
itives, while some negative results might actually be false negatives.
RESULTS
Overall, generic E. coli was isolated from 63 of 955 (6.6%) of the
spinach samples. The median size of enrolled farms was 280 acres
(interquartile range [IQR], 12 to 1,000 acres). In Table 3, we show
summary statistics for the remaining continuous explanatory
variables to aid in interpretation of the results of univariate
(Table 4) and multivariable (Table 5) statistical analyses, where
these variables were considered in their median-dichotomized
forms. Three of the 12 enrolled farms were organic, and 2 of these
were certified organic. All but one of the enrolled farms used
hand-washing stations and portable toilets and trained employed
workers on how to use them. That farm was also the only one that
used their fields for grazing and hay production before spinach
planting. Due to the simultaneous occurrence of these farmman-
agement factors, we evaluated them by using toilet use as a repre-
sentative factor for the “hygiene-field status” group of factors. The
hygiene-field status group had two levels: “yes” and “no.” The yes
level indicated the use of portable toilets and hand-washing sta-
tions, the presence of training on the use of portable toilets, and
the absence of grazing and hay production in the field before spin-
ach planting.
Based on the univariate analyses, the variables that were asso-
ciated with spinach contamination at the 20% significance level
were identified (Table 4). Among the farm management factors,
the presence of generic E. coli on spinach samples was significantly
reduced if they were collected from certified organic farms com-
pared with the noncertified organic farms. Similarly, spinach was
less likely to be contaminated if it was collected from fields that
used portable toilets, fields that were rotavated before planting of
TABLE 2 (Continued)
Category and variable Description and levela Unit
Equipment
own_equipment Use of own farm equipment for all operations (yes/no)
equipment_cleaning Cleaning of farm equipment (yes/no)
Microbial_test Routine microbial test (yes/no)
Planting_time Time since planting of spinach (con) Days
Farm environmental factors
Terrain, buffer zone, and
proximity
terrain Terrain where the farm is located (flat/sloped)
buffer Buffer zone from neighbors and roads, etc. (yes/no)
buffer_fence Type of buffer zone, fence (yes/no)
buffer_ditch Type of buffer zone, ditch (yes/no)
buffer_road Type of buffer zone, road (yes/no)
proximity_dairy Proximity within 10-mile radius, dairy farm (yes/no)
proximity_beef Proximity within 10-mile radius, beef farm (yes/no)
proximity_poultry Proximity within 10-mile radius, poultry farm (yes/no)
proximity_swine Proximity within 10-mile radius, swine farm (yes/no)
proximity_water Proximity within 10-mile radius, water resources (yes/no)
proximity_landfill Proximity within 10-mile radius, landfill (yes/no)
proximity_residential Proximity within 10-mile radius, residential (yes/no)
proximity_forest Proximity within 10-mile radius, forest (yes/no)
proximity_roadways Proximity within 10-mile radius, roadways (yes/no)
Domestic/wild animals
domestic_animal Domestic animal intrusion of the field for CGS (yes/no)
wildlife Wildlife intrusion of the field for CGS (yes/no)
wildlife_control Wildlife control on the farm (yes/no)
wildlife_control_fences Wildlife control method of the farm, fences (yes/no)
wildlife_control_trap Wildlife control method of the farm, trap (yes/no)
wildlife_control_hunting Wildlife control method of the farm, hunting (yes/no)
Farm_location Farm location (Southwestern U.S./Western U.S.)
a CGS, current growing season; con, continuous variable.
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the spinach crop in the season, or fields that used reservoir water
for irrigation. Finally, the prevalence of contamination was lower
if the time since the last manure spreading was200 days or the
time since the last irrigation was5 days. Alternatively, the pres-
ence of generic E. coli was significantly increased by the use of
manure in general, by the use of manure from dairy farms in
particular, and when pond water was used for irrigation. Among
the farm environmental factors, the presence of generic E. coliwas
significantly reduced by proximity (within 10 miles) of forest or
roadways. The presence of generic E. coli was significantly in-
creased when the farm was located on a sloped terrain and when
domestic animal intrusion on the field was reported. Four addi-
tional variables were associated with the outcome at the 20% level
albeit with a counterintuitive direction of association, suggesting a
FIG 2 Causal diagram of the hypothesized farmmanagement and environmental risk factors for generic E. coli contamination of spinach at the preharvest level.
means that the text above in boldface italic type applies. Gray-shaded boxes indicate environmental factors.
TABLE 3 Summary statistics for continuous variables with respect to spinach contamination with generic E. coli
Category and variable
Value
Total (n 955) Positive (n 63) Negative (n 892)
Mean Median IQR Mean Median IQR Mean Median IQR
Human
workers_# (no.) 99.2 100 8–150 99.4 150 8–150 99.2 100 9–150
workers_time (days) 7.7 3 1–9 3 1.5 1.5–4 8.1 3 1–9
toilet_distances (m) 186.9 146.3 45.7–402.3 213.6 201.2 201.2–201.2 185.2 91.4 45.7–402.3
Farm and field conditions
organic_duration (yr) 13.4 4 3–25 20.2 26 25–26 12.5 4 3–25
tillage_time (days) 42.5 17 15–74 24 15 15–15 45.3 18 15–74
Pesticides/fertilizers/irrigation
pesticide_time (days) 24.9 10 5–41 24.7 10 5–41 29.2 12 5–50.8
chemical_time (days) 24.1 15 10–32 24.0 15 10–32 24.8 15 10–44.5
manure_time (days) 228.3 200 200–281 202.4 200 200–200 233.9 224 200–281
manure_age (wk) 12.9 13 9–13 14.6 13 13–13 12.5 13 9–13
compost_time (days) 269.1 275 237–292.5 328 328 328–328 268.6 269 237–291
irrigation_time (days) 12.9 5 2–14 11.4 3.5 3.5–8.5 13 5 2–15
Planting_time (days) 66.8 66 47–82 76.2 77 64–90.5 66.1 65 47–80
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possible distorting effect of a confounder (28). Specifically, the
probability of generic E. coli occurrence was higher when a fenced
buffer zone around the farm was present, when the farm applied
some means of controlling wildlife, if the farm used their own
farm equipment, and when manure applied onto the field was
aged longer than 13 weeks. All four variables dropped out during
the multivariable analysis, indicating a lack of an association with
spinach contamination after controlling for other risk factors.
The variables listed in Table 4 were tested further for inclusion
in the multivariable model. The final multivariable mixed-effect
model (Table 5) had 110 missing observations, all of which were
for the irrigation time variable. Based on this model, the odds of
spinach contamination were reduced to approximately 1 in 4
(odds ratio [OR]  0.24) when the time since the last irrigation
was longer than 5 days. Similarly, the odds of contamination were
reduced to approximately 1 in 7 (OR 0.15) when the field used
portable toilets. As stated above, the use of portable toilets repre-
sents the “hygiene-field status” group of factors, meaning that the
odds of spinach contamination would be equally reduced if any of
the factors in this groupwere considered in the finalmodel instead
of the portable toilet use factor. The final model indicated that the
odds of spinach contamination were increased to approximately 3
in 1 (OR 2.7) when spinach was grown for longer than 66 days
before sampling. Interestingly, the odds of contamination were
considerably higher for farms located in the southwest (Texas)
than in the west (Colorado) (OR 60.7), for fields that used pond
water for irrigation (OR  64.4), and for fields in proximity
(within 10 miles) of a poultry farm (OR 172.1). While the 95%
confidence intervals (CIs) for these variables did not include 1,
which indicates strong evidence of an increased risk in the pres-
ence of these factors, theCIswere verywide, indicating a high level
of uncertainty in the true value of their respective ORs. The pro-
portions of variation explained at the visit and farm levels were
9.9% and 32.6%, respectively, in the intercept-only model and
13.9% and almost 0%, respectively, in the final model.
We additionally tested potential 2-way interactions between
TABLE 4 Association between generic E. coli-contaminated spinach and risk factors assessed in the univariate mixed-effect logistic regression
analysis with farm and visit as random effects
Variable (comparison level) Frequencya Reference level OR (95% CI)b P valuec
Farm management factor
Human
toilets (yes)d 930/955 No 0.08 (0.01, 0.99) 0.049
Farm and field conditions
organic_certified (yes) 175/200 No 0.05 (0.00, 0.65) 0.022
before_rotavated (yes) 490/955 No 0.21 (0.08, 0.54) 0.001
tillage_time (17 days) 85/185 17 days 0.02 (0.00, 0.16) 0.001
Fertilizers
manure_application (yes) 160/955 No 7.9 (1.6, 39.4) 0.011
manure_time (200 days) 60/140 200 days 0.08 (0.01, 0.90) 0.041
manure_age (13 wk) 20/150 13 wk 156.6 (0.2, 114,716.7) 0.133
manure_source (poultry farm) 90/150 Dairy farm 11.4 (1.1, 123.5) 0.045
compost_application (yes) 140/955 No 0.08 (0.00, 2.02) 0.127
Irrigation
irrigation_time (5 days) 365/845 5 days 0.17 (0.05, 0.59) 0.005
irrigation_source_pond (yes) 20/955 No 24.4 (2.1, 280.1) 0.010
irrigation_source_well (yes) 635/955 No 0.30 (0.06, 1.51) 0.144
irrigation_source_reservoirs
(yes)
160/955 No 0.08 (0.01, 0.40) 0.002
Equipment
own_equipment (yes) 865/955 No 9.1 (2.4, 34.6) 0.001
Planting_time (66 days) 465/955 66 days 2.6 (1.3, 5.2) 0.008
Farm environmental factors
Terrain, buffer zone, and proximity
terrain (sloped) 165/955 Flat 8.3 (2.5, 27.3) 0.001
buffer_fence (yes) 165/895 No 4.8 (1.9, 12.0) 0.001
proximity_beef (yes) 120/955 No 6.0 (0.5, 79.1) 0.174
proximity_poultry (yes) 110/955 No 8.7 (0.9, 88.0) 0.067
proximity_forest (yes) 60/955 No 0.11 (0.03, 0.43) 0.002
proximity_roadways (yes) 895/955 No 0.07 (0.02, 0.28) 0.001
Domestic/wild animals
wildlife_control (yes) 505/910 No 5.0 (1.9, 13.2) 0.001
domestic_animal (yes) 25/935 No 11.8 (1.1, 122.9) 0.039
Farm_location (Southwestern U.S.) 480/955 Western U.S. 4.4 (0.8, 25.5) 0.096
a Frequency is the number of observations with the comparison level/total number of recorded observations for the variable.
b OR (95% CI), odds ratio with 95% confidence interval.
c Only variables with P values of0.2 are shown.
d The estimated OR (95% CI) value applies to each factor in the “hygiene-field status” group: toilet_training (yes versus no), washing_stations (yes versus no), field_grazed (no
versus yes), and before_hay (no versus yes).
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factors in the final model. Only one interaction term, between
“irrigation_time” and “planting_time,” had a significant effect on
the probability of spinach contamination. It indicated that if spin-
ach was planted66 days ago and irrigation was applied5 days
ago, the probability of spinach contamination increased by ap-
proximately 3%. The predictive performance of the model with
the interaction term was comparable to the predictive perfor-
mance of the simpler model without it, and therefore, the model
without the interaction term was retained as the final model.
In terms of predictive performance, our final model had per-
fect Sp (100%; SE, 0%), while its Se was quite low (33.9%; SE,
6.2%) at the cutoff value of 0.699 that was used to dichotomize
the predictions of the logistic regression model. However, be-
cause spinach contamination with generic E. coli was relatively
rare, the NPV of the model was relatively high (95.3%), meaning
that the probability that a negative prediction is truly negative is
quite high. Since no false-positive predictions were expected, the
PPV was 100%. It should be noted here that the model predictive
performance was assessed on the data used for model bundling,
and thus, generalization of the results to independent data should
be done with caution.
DISCUSSION
The study described here undertook a comprehensive and orga-
nized approach to identify the farm management and environ-
mental factors affecting microbial contamination of produce at
the preharvest level. The results indicate that both farm manage-
ment and environmental factors can affect the risk of spinach
contamination with generic E. coli.
Our study identified the “hygiene-field status” group of factors
to have a strong protective effect on spinach contamination. These
factors were the use of portable toilets and hand-washing stations,
training in the use of portable toilets, and not the use of the spin-
ach field for grazing or hay production before spinach planting.
Because these factors occurred jointly, inference based on their
individual effects has to be done with caution. Within the group,
the most intriguing result is the potential role that field workers’
personal hygiene may play in generic E. coli contamination of
produce at the preharvest level. Poor personal hygiene of workers
is a well-known risk factor for the microbial contamination of
produce growing in fields or during harvest, postharvest process-
ing, and distribution (31). However, to our knowledge, no pub-
lished epidemiological study has shown an association between
workers’ hygiene practices and produce contamination rates at
the preharvest level. We found that produce contamination was
significantly reduced when workers used hand-washing stations
orwhen the farmprovided portable toilets forworkers and trained
the workers on how to use them. As indicated by the hygiene-field
status group, produce contamination was also significantly re-
duced if the spinach field was not used for hay production or for
grazing prior to spinach planting.While the role of these factors in
produce contamination is intuitive, surprisingly, only limited
published information on these factors exists. One study (32)
showed tomato contamination with Salmonella after planting of
tomatoes in soil mixed with debris of tomato plants grown on
Salmonella-inoculated soil. Grazing on or near fields used for
growing of produce is considered a food safety hazard (33; B. R.
Hoar, presented at the Center for Produce Safety 2010 Research
Symposium, Davis, CA, 23 June 2010). Surface runoff from graz-
ing areas onto cultivated fields has been previously recognized as a
risk factor for produce contamination (34). Collectively, conclu-
sions about the role of each individual factor from the hygiene-
field status group are valuable because they are either intriguing or
intuitive. However, due to their joint appearance (likely due to the
small number of enrolled farms), it is impossible to determine
which (if not all) of these hygiene-field status factors was truly
protective or whether they all were just proxies for another un-
measured but true protective factor. With these limitations in
mind, and considering the importance and novelty of our find-
ings, we suggest that personal hygienemay be considered a poten-
tial factor for controlling microbial contamination of produce at
the postharvest level. Future controlled trials should be conducted
to elucidate the role of workers’ personal hygiene in relation to the
history of field use and in conjunction with other factors notmea-
sured in our study (such as weather).
Farms using manure had a significantly higher proportion of
generic E. coli-positive samples than did farms not using it (15.6%
versus 4.8%). This is consistent with results of previous studies
(14, 15). In our study, 60%of farms usedmanure fromdairy cows,
and the others used manure from poultry. Studies by Islam et al.,
who inoculated the same concentrations of microorganisms into
manure, showed inconsistent results regarding the survival rates
of E. coli O157:H7 (30, 35) and Salmonella (36, 37) in vegetables
grown in soil mixed with manure from cows and from poultry. In
our study, spinach samples grown in soil mixed with poultry ma-
nure had a significantly higher risk of generic E. coli contamina-
tion than did those grown with cattle manure (P  0.045)
(Table 4). However, this factor was not retained in the final mul-
tivariable model. Therefore, while the use of manure, particularly
poultry manure, on the farm seems to increase the probability of
spinach contamination, after controlling for other risk factors, we
did not find evidence that manure in general, or poultry manure
specifically, significantly increased the probability of spinach con-
tamination with generic E. coli.
The odds of spinach contamination with generic E. coli was
higher in organic than in conventional farms (OR  2.4), al-
though this difference was not significant (P  0.340) (data not
shown). In a study by Mukherjee et al. (15), organic produce
showed a significantly greater risk of E. coli contamination than
conventional produce. It is possible that our study was unable to
detect a significant association between the type of farming (or-
ganic versus conventional) and produce contamination due to the
TABLE 5 Association of generic E. coli prevalence with risk factors
based on the final multivariable mixed-effect logistic regression model
with farm and visit as random effectsb
Variable (comparison level) Reference OR (95% CI) P value
toilets (yes)a No 0.15 (0.05, 0.45) 0.001
irrigation_time (5 days) 5 days 0.24 (0.09, 0.67) 0.006
planting_time (66 days) 66 days 2.7 (1.2, 6.1) 0.018
farm_location (Southwestern
U.S.)
Western U.S. 60.7 (7.1, 516.6) 0.001
irrigation_source_pond (yes) No 64.4 (4.9, 855.3) 0.002
proximity_poultry (yes) No 172.1 (21.1, 1,402.8) 0.001
a The estimated OR (95% CI) value applies to each factor in the “hygiene-field status”
group: toilet_training (yes versus no), washing_stations (yes versus no), field_grazed
(no versus yes), and before_hay (no versus yes).
b Variance component values (standard deviations) were 7.2e11 (8.5e6) for farm and
0.53 (0.73) for farm visit. For the intercept-only model, the variance component values
were 1.87 (1.37) for farm and 0.57 (0.75) for farm visit.
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relatively small number of enrolled farms. However, it is also pos-
sible that the type of farming does not significantly affect the prob-
ability of produce contamination, which would support the re-
sults of another study that showed that the type of farm (organic,
semiorganic, or conventional) was less likely than produce type to
affect the risk of E. coli contamination (16). Interestingly, in the
analysis restricted to organic farms only, the spinach from certi-
fied organic farms was less likely to be contaminated with generic
E. coli than spinach from noncertified organic farms (OR 0.05;
P 0.022). This low risk of spinach contaminationwith genericE.
coli in the certified farm environment might be attributed to the
strict implementation of national organic regulations (38).
Previous studies have shown no apparent effect of time since
the last manure spreading, in the range from 90 to 120 days, on
produce contamination with E. coli (14, 39). Interestingly, our
univariate analysis showed a significant association between this
factor and spinach contamination when a different cutoff interval
(of 200 days) was used. Nevertheless, this factor was not retained
in the final model. According to national organic regulations, raw
animal manure should be applied at least 90 days prior to harvest-
ing of edible produce that does not come into contact with soil or
soil particles (38). Several studies have assessed the role ofmanure
aging before spreading on produce contamination. A study by
Mukherjee et al. showed the nonsignificant association between
manure age (6 months) and E. coli prevalence in noncertified
organic produce (14). However, those authors also showed that
manure aged longer than 6months in certified organic farms (14)
or 1 year in organic farms (15) significantly decreased the risk of E.
coli contamination. An experimental study also showed that they
dramatically lowered E. coli levels by 99% after 90 days of ma-
nure storage (40). Our study did not detect any association be-
tweenmanure age and spinach contamination. Thismay be due to
a true lack of association. Alternatively, it may be due to the farm-
ers’ poor recall (or record keeping) of the manure age.
At the preharvest level, irrigation is considered one of themost
important modes for transmission of microorganisms from their
reservoirs to produce (13). Consistent with this, our final model
found that the use of pond water for irrigation was a strong pre-
dictor of spinach contamination (OR  64.4) (Table 5). While
this association was expected, care is needed in generalization of
the results because only one farm in our study used for irrigation
water fromapond (approximately 12,000m2) located on the field.
In the 2002 and 2005 outbreaks of salmonellosis associated with
tomatoes, Salmonella enterica serovar Newport isolates from two
outbreaks had the same genotype profile as isolates from pond
water that was used for irrigation (41).
A time of5 days since the last irrigation was associated with a
decreased risk of generic E. coli contamination of spinach. Intui-
tively, this might be because irrigation near sampling with poten-
tially contaminated water increased the risk of produce contami-
nation. A previous study showed the persistence of E. coli
O157:H7 on lettuce leaves for up to 20 days, after a single exposure
to 100ml of a solution with the pathogen at a concentration of 102
CFU/ml (42). Another study showed the persistence of E. coli
O157:H7 in lettuce phyllospheres over 45 days after irrigation of
seedlings with water inoculated with the pathogen (density of 107
E. coliO157:H7bacteria · liter1) on transplanting day and 15 days
later (43). The U.S. Food and Drug Administration recommends
that the quality of water directly contacting the edible parts of
produce should be better than the quality of water that minimally
contacts the edible parts of produce (8). Thus, when farmers irri-
gate leafy green or fruit vegetables with water that could poten-
tially be contaminated with pathogens, they should irrigate the
field5 days before harvest, or they should use furrow or surface
irrigation methods rather than overhead or spray irrigation.
In our study, the history of farm intrusion by wildlife was not
associated with the presence of E. coli contamination of spinach.
However, Orozco et al. (44) suggested that wildlife is an important
vector for Salmonella transmission to tomatoes. At the univariate
level, there was a significant association between the history of
domestic animal intrusion and an increased risk of spinach con-
tamination. This factor was not included into the final model due
to its high correlationwith the hygiene-field status factors, includ-
ing field use for grazing before spinach planting. However, it is
reasonable to suggest that domestic animal intrusion is one of the
important risk factors for E. coli spinach contamination. The pres-
ence of wildlife might have gone unobserved, as farmers do not
stay on the fields all the times. Thus, both wild and domestic
animals could have contaminated spinach with E. coli in this
study. A previous study (17) suggested that wildlife intrusion can
be an important vehicle for E. coli contamination of produce, par-
ticularly when there is noncomposted manure piled on the farm.
Interestingly, the proximity (10miles) of a poultry farm increased
the risk of spinach contamination (Table 5). This result may be
just a statistical artifact caused by a high correlation between this
variable and farm use of poultry manure. However, spinach could
have truly become contaminated by wild birds that are known to
be drawn to the poultry barns (fully enclosed housing) and sur-
rounding habitats (45). Because E. coli can grow in soil (46, 47),
animal intrusion into a produce farm cumulatively increases the
risk of microbial contamination of produce. Thus, practices to
prevent or repel wildlife and domestic animal intrusion should be
considered as ameans to preventmicrobial contamination of pro-
duce.
Spinach contamination with generic E. coli increased if the
time since planting of spinach was66 days. This result is in line
with previous studies that observed an increase of produce con-
tamination in mature lettuce (48, 49) or spinach (50). Mootian et
al. (49) proposed that a well-developed secondary root system of
lettuce might increase microbial contamination of produce. We
suspected that a longer exposure of mature spinach to E. coli re-
sulted in more contamination in mature produce than in young
produce (13). Spinach usually takes 6 or 7 weeks until its first
harvest (51), and it will often be cut 2 or 3 additional times in
intervals of 20 to 30 days after the first harvest. Our results suggest
that the first cut of spinach crop may be considered microbiolog-
ically safer.
Our final statistical model had a perfect Sp but a very low Se
(33.9%). However, when the cost of a false negative was set to 14,
the Se and Sp of the final model were 71.2% and 75.4%, respec-
tively. Therefore, our model may be practically manipulated de-
pending on our objective (i.e., whether a better Se or Sp is of
interest). Therefore, while it is subject to futuremodel assessments
on an independent data set, our statistical model may be a prom-
ising tool for the prediction of generic E. coli contamination in the
field.Moreover, to our knowledge, this is the only published study
that investigated the predictive performance of the developed sta-
tistical model for the considered farm management and environ-
mental risk factors.
Generic E. coli is commonly used as an indicator of environ-
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mental fecal contamination. For example, E. coli has been recom-
mended as a reliable indicator organism for the potential presence
of S. Typhimurium in manure-fertilized soil and on vegetables
grown in such soil (12). Thus, the absence ofE. coli fromaproduce
samplemay be taken as a strong indication of the absence of other
fecal contaminants (12). However, the presence of E. coli on a
produce sample as an indication of contamination of fecal origin
has to be considered with a grain of salt. E. coli has been shown to
be able tomaintain stable populations in temperate soil and water
(47). Thus, while E. coli on produce most often originates from
recent fecal contamination, it could also be from an environmen-
tally stable population of the microorganism.
The evaluation of spinach contamination with generic E. coli
described in this paper was part of a larger unpublished study
involving the same spinach farms where, in addition to collection
of spinach, we also collected a total of 191 drag samples of soil and
26 samples of irrigation water. The original intent of that study
was to elucidate the effect of management and environmental fac-
tors on the contamination of spinach with food-borne pathogens.
However, food-borne pathogens were detected at a very low fre-
quency, which precluded their statistical evaluation, and indica-
tors of fecal contamination had to be used instead. Briefly, in
addition to testing of spinach for contamination with E. coli, all
spinach, soil, and water samples were tested for contamination
with L. monocytogenes, Salmonella spp., E. coli O157:H7, and Lis-
teria spp.With spinach contamination being themain focus of the
study, soil and water samples were not tested for generic E. coli
contamination, and thus, no inference on the source of E. coli
detected in spinach could be attempted. Regarding contamination
with food-borne pathogens, no L. monocytogenes or E. coli
O157:H7 was detected, and only 1 out of 955 samples was con-
taminated with Salmonella spp. Similarly, 5 out of 191 soil drag
samples tested positive for Salmonella spp.; they were detected on
two farms (with 1 and 4 positive samples out of 25 samples tested
per farm). Interestingly, the Salmonella species-positive spinach
sample was collected on the farm that had 20%of spinach samples
positive for generic E. coli, whichwas the second highest farm level
prevalence detected during the study. This somewhat supports
previous reports (12) about the usefulness of generic E. coli as an
indicatormicroorganism. On the same farm, one soil drag sample
also tested positive for Salmonella spp., and one tested positive for
Listeria spp. (for Listeria spp., this was the only positive sample
detected during the course of study). These results suggest that
preharvest food-borne pathogen contamination of spinach does
occur albeit at a low frequency, indicating that high resources
would be needed to obtain a sample size sufficiently large for eval-
uation of management and environmental factors affecting
pathogen contamination of spinach. Therefore, studies of pro-
duce contamination using indicator organisms, such as the cur-
rent study, still provide a valuable alternative.
Several studies (14–16, 52–54) have evaluated the impact of
farm management practices on produce contamination. Most of
those studies focused on factors related to farm management.
Compared to those studies, our study comprehensively assessed a
large number of farm management and environmental factors,
several of which were investigated for the first time. Nevertheless,
our study did have several limitations. First, our study was based
on a repeated cross-sectional study design, precluding conclu-
sions about causality for produce contamination. Second, because
we studied only spinach, caution should be exercised in extrapo-
lating these results to other vegetables or fruits. Third, soil and
irrigation water were not tested for contamination with generic E.
coli. Finally, our study was limited to only 12 farms, and thus,
some findings may have been coincidental. Future prospective
longitudinal studies should be conducted in order to validate the
plausibility of the identified risk factors including a variety of farm
settings (e.g., greenhouse conditions) and climate environments
(e.g., Northern or Eastern United States). Likewise, intervention
trials should be conducted to investigate the effects of measures
such as irrigation with good-quality water, stopping irrigation up
to 5 days before harvest, and improvingworkers’ personal hygiene
to validate the findings that these interventions could reduce pro-
duce contamination with E. coli in the field.
In conclusion, microbial contamination of produce is influ-
enced by farm management and environmental factors. Specifi-
cally, microbial contamination of produce seems strongly influ-
enced by the time since last irrigation, workers’ personal hygiene,
and the use of the field prior to planting. Our study may serve as a
template to investigate the role of farm and environmental factors
in contamination of other produce with generic E. coli and other
microorganisms relevant to food safety.
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